Polypyrrole (PPy) is a biocompatible polymer with good conductivity. Studies combining PPy with electrospinning have been reported; however, the associated decrease in PPy conductivity has not yet been resolved. We embedded PPy into poly(lactic acid) (PLA) nanofibers via electrospinning and fabricated a PLA/PPy nanofibrous scaffold containing 15% PPy with sustained conductivity and aligned topography. There was good biocompatibility between the scaffold and human umbilical cord mesenchymal stem cells as well as Schwann cells. Additionally, the direction of cell elongation on the scaffold was parallel to the direction of fibers. Our findings suggest that the aligned PLA/PPy nanofibrous scaffold is a promising biomaterial for peripheral nerve regeneration. 
Introduction
Nerve tissue repair is of great interest in human health care as it directly impacts on the quality of life (Arslantunali et al., 2014 ). An established approach in neural tissue engineering involves the fabrication of polymeric scaffolds with nerve cells to produce a three-dimensional functional tissue suitable for implantation (Yuan et al., 2014; Zhang et al., 2014a; Wang et al., 2015a) . Electrical stimulation (ES) is a treatment for nerve regeneration and is effective for accelerating the healing rate of peripheral nerve injury (Zhang et al., 2014b) . Polypyrrole (PPy) is one of the most thoroughly investigated conductive polymers because of its high electrical conductivity, flexibility of preparation, excellent environmental stability (Wang et al., 2004a) , low toxicity (Wang et al., 2004a; Ramanaviciene et al., 2007) and ability to support cell adhesion and growth under ES (Sudwilai et al., 2014; Xu et al., 2014) . However, the conjugated molecular structure of PPy may be damaged by dissolved oxygen in aqueous conditions and in the presence of current, resulting in a deterioration of conductivity (Meng et al., 2008) . To achieve electrical conductivity stability and to improve its flexibility, processibility and biodegradability, studies have focused on blending PPy with other processable and biodegradable polymers (Wang et al., 2003; Meng et al., 2008) . We combined poly(lactic acid) (PLA) and PPy in this study, because PLA has excellent pliancy and biocompatibility (Li et al., 2013; Yu et al., 2013; Sudwilai et al., 2014) .
Compared with a dense membrane, a porous structure with a high surface-to-volume ratio is more suitable for biomedical applications. Electrospinning is a simple and relatively efficient technique to fabricate polymer into such a porous three-dimensional fiber network (Xie et al., 2010; Hu et al., 2012) . The surface topography, including the diameter, orientation and surface roughness of electrospun nanofibers can modulate cellular activity by contact guidance (Schmidt and Leach, 2003; Corey et al., 2007; Yang et al., 2015) . In situ polymerization and coating are the most popular strategies to prepare PPy-coated composite fibers via the electrospinning process (Liu et al., 2010; Pelto et al., 2013; Yu et al., 2013; Sudwilai et al., 2014) . However, these in situ polymerized PPy layers are still at risk of losing conductivity in media (Shi et al., 2004) and are potentially toxic from residual oxidants. Studies on PPy-embedded electrospun composite fibers (Kai et al., 2011) , and the effect of PPy on the formation of the composite fiber preparation and the surface topography of electrospun fibers are rare.
Biomaterials should have good compatibility with cells at the site of injury. Schwann cells are important in neural development and regeneration (Zhang et al., 2014c) . After peripheral nerve injury, Schwann cells form new myelin to guide the axon back to its target and secrete bioactive molecules to boost the regeneration (Xu et al., 2016) . Stem cells have great potential for peripheral nerve repair. Mesenchymal stem cells can differentiate into supporting cells, such as Schwann cells, and even undifferentiated ones can secrete neurotrophic factors for neural regeneration (Zhang et al., 2011; Sharma et al., 2016) . Umbilical cord mesenchymal stem cells are isolated from the umbilical cord after birth (Guo et al., 2015) . Compared with mesenchymal stem cells from other parts of the body, umbilical cord mesenchymal stem cells are more primitive, proliferative and immunosuppressive. Umbilical cord stem cells were proposed as a potential new "gold standard" for mesenchymal stem cell-based therapy (El Omar et al., 2014) .
In this study, we prepared electrospun PLA/PPy nanofibers, and analyzed their properties, observed their biocompatibility and explored their effectiveness for nerve repair.
Materials and Methods

Synthesis and characterization of PPy particles
Spherical PPy nanoparticles were synthesized using chemical polymerization with P123 (EO 20 PO 70 EO 20 , Ma = 5,800) as a template agent. In brief, 2.3 g P123 (Sigma-Aldrich, St. Louis, Missouri, USA) was dissolved in 230 mL deionized water at 40°C for 3 hours and then cooled to room temperature. Pyrrole (98%, Sinopharm Chemical Reagent Co., Shanghai, China) was distilled under reduced pressure and stored in a refrigerator at 4°C prior to use. Then, pyrrole monomer (0.1 M, 1,590 μL) was added to the P123 solution. One hour later, FeCl 3 •6H 2 O (0.3 M, 18.65 g, Beijing Chemical Works, China) was added into the solution and the polymerization temperature was maintained at 18°C. The mixture solution turned black within a few minutes and was stirred for 6 hours. The formed PPy precipitate was then collected by centrifugation and was washed several times with deionized water and ethanol (Beijing Chemical Works, China). It was then dried under a vacuum atmosphere at 60°C for 24 hours and ground to a fine powder for future use.
The morphology of the PPy particles was observed by field emission scanning electron microscopy (FE-SEM, HITA-CHI, Tokyo, Japan, S-5500, 5.0 kV). The diameter of 100 randomly chosen single PPy particles, which were lying flat on the sample holder, was measured using image analysis (Photoshop CS5, Adobe System Inc., San Jose, California, USA) from a randomly selected FE-SEM image. The conductivity of PPy powders was measured with compressed pellets using the standard four-probe method at room temperature.
Preparation and characterization of the PLA/PPy electrospun suspensions
The PPy nanoparticles were dispersed ultrasonically in N,N-dimethylformamide (DMF; Beijing Chemical Works) at different concentrations for 2 hours and then stirred continuously overnight at room temperature. PLA with an average molecular weight (Mw) of 130,000 g/mol (inherent viscosity 0.97 dL/g) was supplied by Shandong Institute of Medical Instruments, Jinan, Shandong, China. PLA at a concentration of 15% (w/v) was dissolved in dichloromethane (DCM; Beijing Chemical Works) at room temperature. PLA solution was added to the above PPy dispersions to achieve various PPy content ratios (0%, 2.5%, 5%, 7.5%, 10%, 12.5% and 15%) and stirred for 24 hours to achieve homogeneous PLA/ PPy suspensions [v(DMF):v(DCM) = 1:4]. Conductivity of the suspensions at different PPy concentrations was measured with a digital conductivity meter (DDS-12A, Chinainhy, Shanghai, China). A Physica MCR 301 rheometer (Anton Paar GmbH, Graz, Austria) with a cone-plate measuring system was used to evaluate the rheological properties of composite suspensions under a share rate of 4 s -1 , which was the estimated rate for the beginning of electrospinning. All measurements were performed before electrospinning.
Electrospinning
The electrospinning apparatus is shown in Figure 1 . The prepared suspensions were placed in a 20 mL plastic syringe with a stainless steel needle of inner diameter 1.2 mm. A collecting drum rotating at a speed of approximately 3,000 r/min was used as the collector. A positive DC high-voltage power supply (Spellman, SL150, New York, USA) was connected to the needle to generate a high electric field of 1.0 kV/cm between the capillary tube and the grounded collector at a distance of 20 cm. Feeding rate of the solution was 0.8 mL/hour. Pure PLA nanofibers were fabricated using the similar method. The electrospun scaffolds were dried under vacuum at room temperature for 3 days before they were characterized. The pure PLA nanofiber scaffolds and the composite PLA/PPy nanofiber scaffolds were denominated as PLA, PLA/2.5PPy, PLA/5PPy, PLA/7.5PPy, PLA/10PPy, PLA/12.5PPy and PLA/15PPy corresponding to PPy weight ratios of 0%, 2.5%, 5%, 7.5%, 10%, 12.5% and 15%, respectively.
Characterization of nanofiber scaffolds Scanning electron microscopy
The electrospun pure PLA and composite PLA/PPy nanofiber scaffolds were gold-coated using sputter coating to observe the surface topographies using scanning electron microscopy (FEI, Quanta 200, Philips, Eindhoven, Netherlands). The electron accelerating voltage was 20.0 kV. Micrographs from the scanning electron microscope analysis were digitized and analyzed using Image Tool 2.0 (Fudan University, Shanghai, China) to determine the average fiber diameter of the nanofibers produced. Fifty points on fibers were selected from one image. Fiber diameter at these points was measured to determine the diameter distribution. To select the points where fiber diameter was measured, several lines were drawn randomly on the images and the middle point of the intersections of the lines and fibers were chosen as the points to be analyzed.
Transmission electron microscopy
The dispersion of PPy nanoparticles coated in the composite nanofibers were observed by transmission electron microscope (Hitachi H-700H, Tokyo, Japan) at the electron acceleration voltage of 150 kV. The nanofiber samples were prepared by directly electrospinning the PLA/PPy solution onto copper grids for about 50 seconds, and were then dried under vacuum immediately over 24 hours to completely remove residual solvent.
Electrical properties
The surface conductivity measurements of the scaffolds were performed using a ZC36 high resistance meter (Shanghai Precision Instrument Co., Shanghai, China) at ambient temperature. The scaffolds were cleaned with ethanol and dried at 55°C before measurement. At least five specimens were measured for each sample and the reported results were the average values.
Degradation of fiber scaffolds in PBS
The nanofiber scaffolds were cut into small square pieces with original mass (w 0 ) of 0.5 g, and placed in 1 mL phosphate buffered saline (PBS) (pH 7.4) at 37°C for 12 weeks. Every 2 weeks, triplicate specimens for each nanofiber mesh were retrieved from PBS and rinsed with deionized water to remove residual buffer salts before they were dried to constant weight (w). The mass loss was determined by equation (1):
Electrical stability of fiber scaffolds in PBS Electrical stability is defined as the remaining percentage of electrical conductivity (γ) of the conductive scaffolds, as the electrical stability test proceeds. The PLA/PPy composite scaffolds were cut into rectangular specimens of 2.0 × 2.0 cm in size and incubated in 5 mL PBS at pH = 7.4 at 37°C for 5 days. A constant electrical potential (U) of 100 mV/cm was applied across the opposite sides of the specimens for 2 hours every day using an electrochemical workstation (CHI600C, Shanghai Chenhua Instrument Co., Shanghai, China). Electrical current (I) passing through the membranes was recorded every day from the beginning of applying electrical potential. The remaining conductivity of the specimens was calculated by equation (2), where γ was the conductivity of the scaffolds and Δγ and ΔI were the changes of γ and I.
The remaining conductivity percent = = the remaining current percent (2) The cell suspension was stirred, centrifuged and incubated in culture medium. Twenty-four hours later, the culture medium was replaced with culture media supplemented with 50 ng/mL cytosine arabinoside (Ara-C) (Sigma-Aldrich) to remove fibroblasts (Gu et al., 2012) . After anoth- er 24 hours, the cells were incubated in culture medium containing 2 nM forskolin (Sigma-Aldrich) and 2 ng/mL heregulin (Sigma-Aldrich) to accelerate cell proliferation. Purity of cells was assessed by immunostaining with S100 (Kim et al., 2008) . Cultures with purity above 95% were used for the following assays.
Schwann cell culture and immunohistochemical staining
The PLA/15PPy scaffolds were fixed to the bottom of wells of six-well plates and sterilized with 60 Co radiation. The scaffold was soaked in medium for 24 hours at 37°C prior to plating. 1.5 × 10 5 Schwann cells were seeded onto the scaffolds and cultured for 5 days. Schwann cells cultured on the tissue culture plates (TCPs) were a control group. For immunohistochemical staining, samples were rinsed twice in PBS and then fixed in 4% paraformaldehyde for 30 minutes. Samples were then permeabilized and blocked in 0.1% Triton-X100 with 10% goat serum for 30 minutes. After rinsing twice in PBS, samples were incubated with mouse primary antibody S100 (1: 200; Sigma-Aldrich) overnight at 4°C and then incubated with rabbit primary antibody P75 (1:200; Sigma-Aldrich overnight at 4°C. Alexa Fluor 488-conjugated goat anti-mouse antibody (1:500; ZSGB-BIO, Beijing, China) and Alexa Fluor 594-conjugated goat anti-rabbit antibody (1:500; ZSGB-BIO) were used as secondary antibodies to S100 and P75, respectively. DAPI (Bio-topped Co., Beijing, China) was used to stain nuclei. The stained samples were visualized by laser scanning confocal microscope (Zeiss LSM 780, Oberkochen, Germany). Samples on the scaffolds and controls stained only with S100 and Alexa Fluor 594-conjugated goat anti-mouse antibody (1:500; ZSGB-BIO) secondary antibody and DAPI were visualized by fluorescence microscopy (Olympus, Tokyo, Japan). Cell number density was counted from three different views of images and cell orientation was quantified by measuring the angles between the major neurite axis and the fiber axis.
Human umbilical cord mesenchymal stem cell culture and immunofluorescent staining Human umbilical cord mesenchymal stem cells (Cyagen Biosciences Inc., Santa Clara, CA, USA) were cultured in alpha-minimum essential medium (α-MEM; Bio-topped Co., Beijing, China) containing 9% FBS and 1% penicillin and streptomycin (PS; Bio-topped Co.). The scaffold was soaked in the medium for 24 hours at 37°C prior to plating. 1.5 × 10 5 cells of passage 5 were used to seed the PLA/15P-Py nanofibrous scaffolds. After culture for 5 days, human umbilical cord stem cells were rinsed twice in PBS and then fixed in 4% paraformaldehyde for 30 minutes and then permeabilized in 0.1% Triton-X100. Cells were then rinsed twice and incubated in phalloidin-rhodamine solutions for 45 minutes, followed by staining with DAPI. The samples were observed with laser scanning confocal microscope (Zeiss LSM 780).
Statistical analysis
Data are expressed as the mean ± SD, and statistical analysis was performed by one-way analysis of variance (Microsoft Excel 2013, Redmond, Washington State, USA or OriginPro 8, OriginLab, Northanmpton, MA, USA) unless stated. Differences were considered significant at P < 0.05.
Results
Characterization of PPy nanoparticles
As shown in Figure 2 , PPy nanoparticles demonstrated spherical shapes with the diameter distributed uniformly at 92 ± 15 nm. The electrical conductivity of the PPy tablets was 4.6 s/cm. Figure 3 shows typical morphology of the electrospun nanofibers containing PPy nanoparticles. The PPy nanoparticles were dispersed within the fiber networks on a large scale (Figure 3A, C) . PPy nanoparticles were located in the nanofibers, causing a rough fiber surface ( Figure 3D) . A quantitative analysis of fiber diameter distribution is given in Figure 4B , and presents a normal distribution. The average fiber diameter was 320.7 ± 83.0 nm, which is bigger than that of PPy nanoparticles, so indicates the embedding of PPy nanoparticles.
Morphology of electrospun nanofibers
PPy weight ratios in composite PLA/PPy nanofiber scaffolds As seen from Figure 4 , SEM images of the final nanofiber scaffolds revealed the effects of PPy content on nanofiber topographic features, including nanofiber diameters and surface roughness. It can be observed that pure PLA nanofibers were smooth in appearance (Figure 4A) , while the surface of composite PLA/PPy nanofibers became rougher as PPy content increased. The average diameters of pure PLA nanofibers were about 415 nm, while they decreased dramatically to about 319 nm for PLA/2.5PPy. Furthermore, as the PPy content in the PLA nanofibers increased, the diameters showed a gradual linear decrease to approximately 296 nm, 277 nm, and 265 nm for PLA/5PPy, PLA/7.5PPy and PLA/10PPy, respectively. However, when the PPy content reached or exceeded 12.5%, the nanofiber diameters increased slightly, and the diameters of PLA/12.5PPy and PLA/15PPy were approximately 283 and 320 nm respectively, which were still smaller than that of pure PLA nanofibers. 
Properties of suspensions
As indicated in Figure 5A , the conductivity and viscosity of the suspensions increased with the addition of PPy nanoparticles. When PPy content was below 10%, the suspension conductivity increased by approximately 4, 6, 8, and 9 times for PLA/2.5PPy, PLA/5PPy, PLA/7.5PPy, and PLA/10PPy, respectively; while the viscosity of the suspension only increased by up to 1.6 times compared with pure PLA solutions.
Electrical properties of fiber scaffolds
The surface conductivity of pure PLA fiber scaffolds was lower than 1 × 10 -16 s/cm, which is thought to be complete insulation. With the addition of PPy nanoparticles, the surface conductivity of the PLA/PPy scaffolds gradually increased with increasing content of PPy and exhibited a typical electrical percolation at approximately 7%, where the surface conductivity was as high as 1 × 10 -6 s/cm, as shown in Figure 5B . Above 10%, the increase of surface conductivity was moderate, and the surface conductivity magnitude of PLA/12.5PPy and PLA/15PPy reached 1 × 10 -4 s/cm. However, no significant differences were observed among PLA/10PPy, PLA/12.5PPy and PLA/15PPy in surface conductivity (P > 0.05).
Degradation of fiber scaffolds in PBS
As shown in Figure 5C , the mass of the PLA/PPy nanofibrous scaffolds decreased gradually over the incubation period, and the mass lost was faster with greater PPy content in the scaffolds. PLA nanofibrous scaffolds lost 14% of their weight while the one with most PPy, PLA/15PPy, lost 24%. Figure 5D , conductivity of all the samples declined relatively fast on the first day, then it declined at a much slower speed over the following 4 days. On the 5 th day, the remaining percentage of conductivity was 82%, 83%, 84.7%, 86.5%, 88.5%, and 90.3% for PLA/15PPy, PLA/12.5PPy, PLA/10PPy, PLA/7.5PPy, PLA/5PPy, and PLA/2.5PPy scaffolds, respectively, which indicated a stable electrical property for PLA/PPy nanofibrous scaffolds in PBS.
Electrical stability of fiber scaffolds in PBS As illustrated in
In vitro experiments of Schwann cells and human umbilical cord mesenchymal stem cells
Isolated Schwann cells were considered as primary Schwann cells and were accompanied by fibroblasts, as shown in Figure 6A . Purified Schwann cells showed a typical spindle-like shape under a phase contrast microscope ( Figure 6B ). These cells all stained with S100 and P75, which are specific markers for Schwann cells (Figure 7) , indicating efficient purification. Cells exhibited better attachment to PLA/15PPy nanofibrous scaffolds than to PLA nanofibrous scaffolds ( Figure  8A, B) . Schwann cells stained with S100 showed neuritis aligning with PLA and PLA/15PPy nanofibers ( Figure 8A) . Figure 8C illustrates that 90% of cells on nanofibers were aligned to within 30 degrees while cell orientation ranged from 0 to 90 degrees on TCPs. 
Discussion
Among the numerous attempts to integrate tissue-engineering concepts into strategies to repair nearly all parts of the body, neuronal repair stands out. This is partially owing to the complexity of the anatomy and functioning of the nervous system and to the inefficiency of conventional repair approaches, which are based on single components of either biomaterials or cells alone (Zhang et al., 2005) . Recently, electrospun nanofibrous scaffolds have been used for nerve tissue engineering (Murugan and Ramakrishna, 2007) .
In this study, we prepared aligned conductive PLA/PPy nanofibrous scaffolds that contain different amounts of PPy nanoparticles via electrospinning. PPy nanoparticles with a diameter of 92 nm were prepared for easy embedding. With different PPy nanoparticle ratios, the diameter of the electrospun nanofibers varied around 300 nm. The conductivity of the PLA/PPy fiber scaffolds increased with increasing PPy content. When the PPy nanoparticle content was above 10%, the conductivity was 1 × 10 -5 s/cm. Furthermore, by embedding PPy nanoparticles into PLA nanofibers, the PLA/PPy scaffolds maintained at least 80% conductivity for five days. In vitro tests showed that aligned PLA and PLA/ PPy nanofibers, fabricated by electrospinning, provided a scaffold for the controlled orientation for Schwann cells and human umbilical cord stem cells. This demonstrates that the aligned electrospun nanofibers are capable of controlling the orientation of cells by a mechanism called contact guidance (Zhang et al., 2005) . The direction of cell elongation was parallel to the direction of fiber alignment and such contact guidance might enhance the nerve regeneration process.
Electrospinning mimics the structure of the extracellular matrix, which facilitates cell attachment and proliferation (Wang et al., 2015b) . However, fiber morphology and the diameter of the networks are affected by several factors. In theory, a continuous jet can issue from the tip of the fluid cone (Taylor cone) when the electric field force stress (p e ) can overcome the visco elastic stress (p η ) during electrospinning. As the p e /p η ratio increases,the diameter of nanofibers decreases (Hohman et al., 2001a, b; Shin et al., 2001) . Under certain processing conditions, these forces mainly depend on the physical properties of the solutions/suspensions (Zong et al., 2002; Liu et al., 2008) . Therefore, suspension properties like viscosity and conductivity, which are determined by the suspension compositions, can be essential factors in the determination of fiber morphology. Here, the addition of PPy was the only factor that changed the conductivity and viscosity of the suspension. The conductivity of the suspension increased along with the increase in PPy content. With the rapid increase of suspension conductivity, p e also increased. Meanwhile, the suspension viscosity did not increase greatly at these PPy contents. Therefore, it appeared that the diameter of nanofibers decreased with the increase of PPy con-tent. When PPy content was above 10%, the increase of the suspension conductivity was moderate, while the viscosity increased more rapidly with the increase in PPy content. Therefore, p η increased more than p e , and it appeared that the diameter of nanofibers increased.
It was reported that electrospun nanofibers with very small diameters degrade rapidly owing to a relatively large surface area (Shao et al., 2011) . As described above, the diameter of composite PLA/PPy nanofibers decreased as PPy content rose from 2.5% to 10%. When PPy content was above 10%, the surface of PLA/PPy nanofibers became very rough. The rough nanofiber surface increased the contact surface area between the polymer and water, consequently accelerating matrix breakdown.
The stability of polypyrrole conductivity was investigated by Zhang's group (Zhang et al., 2007) . They studied a series of biodegradable conductive composite membranes formed by embedding PPy nanospherical particles into an insulated poly(D,L-lactide) (PDLA) matrix (Shi et al., 2004; Wang et al., 2004a; Zhang et al., 2007; Stewart et al., 2012) . These membranes showed good conductivity and improvement of electrical stability compared with PPy when exposed to media. The composite membranes were also demonstrated to stimulate the growth of fibroblasts (Shi et al., 2004; Zhang et al., 2007) and PC12 cells (Wang et al., 2004b) . However, their membranes were prepared by solvent evaporation which resulted in dense membranes without designed surface to pography. In our work, the composite demonstrated stable conductivity similar to that of Zhang et al. (2007) . We took advantage of their mixture strategy in our study while incorporating specific surface topography for better biological application.
Surface topography is of great importance for the interaction between biomaterials and cells (Xie et al., 2014) . The Schwann cells and human umbilical cord mesenchymal stem cells had good attachment on the scaffolds, indicating good cell compatibility of the scaffolds. The porous structure of electrospun nanofibers and the roughness on the nanofibers can further enhance the adhesion of cells (Yang et al., 2015; Bagher et al., 2016) . The orientation of the cells on the scaffolds was directed by the 320 nm nanofibers. It was reported that microfibers induce cell elongation across fibers while nanofibers can direct cell alignment along the fibers, which is a favorable characteristic for neural regeneration (Arslantunali et al., 2014) . The advantage of the stable conductivity of our scaffolds will be confirmed by performing electrical stimulation on the cells in future experiments.
This work supports the use of aligned electrospun PLA/ PPy nanofibrous scaffolds for the further development of nerve tissue engineering. Even though the scaffold showed good properties and cytocompatibility, the work is still at the primary stage of neural tissue engineering. More investigations need to be performed to confirm its regeneration effect when used in vivo.
In conclusion, we fabricated a scaffold for nerve tissue engineering and performed a primary investigation on formation of the material and its cytocompatibility. Our findings provide guidance for scaffold fabrication and contribute to the development of nerve tissue regeneration technology.
